Using gel-permeation chromatography, we studied associative relationships between conjugated bilirubin and various biliary lipid particle species, including lecithin/ cholesterol vesicles, mixed-lipid micelles, and simple bile salt micelles. Five other organic anions were comparably studied: phenol red, Evans blue, sulfobromophthalein, rose bengal, and indocyanine green. For compounds of intermediate hydrophobicity, including conjugated bilirubin, the dominant association was with a bile salt/organic anion hybrid particle of dimensions larger than that of a simple pure bile salt micelle. Vesicular association was found to be dominant only for the most hydrophobic organic anions, indocyanine green and rose bengal; conversely, the most hydrophilic anion, phenol red, showed no vesicular association. Accordingly, a strong positive correlation (P < 0.001) was found between percent vesicular association and degree of hydrophobicity of the organic anion. Alkaline conditions (eluant pH 9) decreased or prevented vesicular hydrophobic interaction with all anions. We conclude that two important particulate mechanisms for transport in bile of conjugated bilirubin and other water-soluble anions are (i) bile salt/organic anion hybrid particles and (it) vesicles. For most organic anions of intermediate hydrophobicity, including conjugated bilirubin, the bile salt/organic anion hybrid particle is the dominant transport vehicle.
ABSTRACT
Using gel-permeation chromatography, we studied associative relationships between conjugated bilirubin and various biliary lipid particle species, including lecithin/ cholesterol vesicles, mixed-lipid micelles, and simple bile salt micelles. Five other organic anions were comparably studied: phenol red, Evans blue, sulfobromophthalein, rose bengal, and indocyanine green. For compounds of intermediate hydrophobicity, including conjugated bilirubin, the dominant association was with a bile salt/organic anion hybrid particle of dimensions larger than that of a simple pure bile salt micelle. Vesicular association was found to be dominant only for the most hydrophobic organic anions, indocyanine green and rose bengal; conversely, the most hydrophilic anion, phenol red, showed no vesicular association. Accordingly, a strong positive correlation (P < 0.001) was found between percent vesicular association and degree of hydrophobicity of the organic anion. Alkaline conditions (eluant pH 9) decreased or prevented vesicular hydrophobic interaction with all anions. We conclude that two important particulate mechanisms for transport in bile of conjugated bilirubin and other water-soluble anions are (i) bile salt/organic anion hybrid particles and (it) vesicles. For most organic anions of intermediate hydrophobicity, including conjugated bilirubin, the bile salt/organic anion hybrid particle is the dominant transport vehicle.
About 99% of bilirubin found in native bile is in conjugated form, primarily as diglucuronides (1, 2) . Physiological studies of bilirubin and other organic anion secretory rates in bile showed a strong correlation with bile acid secretory rates under stimulated conditions but not during fasting (3) (4) (5) (6) (7) (8) . This observation led to studies that have concluded that a strong relationship exists between biliary mixed-lipid micelles and bilirubin in addition to a variety of other organic anions, although the precise nature of the putative micellar-organic anion interaction has remained unclear (9) (10) (11) (12) (13) (14) (15) . Thus, a more recent study examining this relationship failed to support the concept of a physicochemical association between biliary lipids and conjugated bilirubin (15) . A further complicating factor has been the recent discovery of potential functional roles for vesicles, which have been identified in supersaturated human biles and even in undersaturated but quite dilute rat biles (16) (17) (18) (19) (20) (21) (22) (23) (24) . Because of these discrepancies and uncertainties, in the present study three things have been done. First, focusing initially on conjugated bilirubin, we determined preferential distributions between biliary vesicles and micelles for both pure bile salt and bile salt/mixed-lipid types. Interaction with the former micellar species was found to be dominant for conjugated bilirubin. Second, we similarly studied a spectrum of other water-soluble organic anions.
Partitioning between vesicles and micelles was found to differ markedly among the various compounds studied. Third, we sought to determine the mechanistic nature of the interaction governing distribution to the various biliary lipid particulate species. Degree of hydrophobicity was found to be the dominant influence dictating partitioning of organic anions to biliary vesicles.
METHODS
Gel-Permeation Chromatography of Native Human Gallbladder Bile. Twelve fresh normal human gallbladder biles were obtained at surgery from patients without biliary tract disease or were collected from legally dead, living donors as described (25) . Most specimens were obtained from the latter category of patients. Gel-permeation chromatography of native human bile was performed on a Sephacryl S-200 column (2.6 x 80 cm) in order to study the molecular distribution of biliary components. The totally excluded volume (YO) (blue dextran 2000, Sigma) and the totally included volume (VJ) ([14Clsucrose, New England Nuclear) of the column were determined. The distribution coefficient (Ka.) of each fraction was calculated using a standard equation (26) . Elution was performed with Hepes/NaCl (10 mM Hepes/150 mM NaCl, pH 7.5) containing 4 mM EDTA (disodium salt), 0.02% NaN3 and 30 mM sodium taurodeoxycholate. Column fractions were assayed for lipids and total protein (25) . Bilirubin was assayed by a kit method (Sigma) based upon a standard assay procedure (27) .
Preparation of Model Bile Solutions. Cholesterol was a product of Sigma and upon receipt was stored under nitrogen at 40C. Egg lecithin was obtained from Lipid Products (Surrey, U.K.) and stored at -80'C. Sodium taurodeoxycholate was from Calbiochem-Behring. Sodium taurocholate was purchased from American Hoechst (San Diego, CA) and was twice recrystallized by the method of Pope (28) . The procedures for model bile preparation were slight modifications of those described previously (25) . In (29) . No contamination of conjugated bilirubin with biliary proteins was detectable by silver staining after NaDodSO4/PAGE. The presence of lipids was excluded by standard methods (25) . The 
RESULTS
Gel-permeation chromatography under the conditions indicated for Fig. 1 gave an apparent dissociation of the elution profiles for biliary proteins, micellar lipids, and bilirubin. This pattern was highly reproducible with eluant bile salt concentrations of 30 mM or higher; above 30 mM bile salt, little change in the respective Ka, values for the various fractions was observed. Fig. 2 depicts a series of gelpermeation chromatograms under various experimental conditions using conjugated bilirubin as the specific organic anion. Fig. 2A shows the elution profile of conjugated bilirubin alone in the presence of standard buffer. The single peak observed under these conditions is consistent with self-aggregation of conjugated bilirubin (Kay 0.94). This profile of self-aggregation was no longer detected, however, when the same experiment was performed in the presence (0.4 mg/dl) of conjugated bilirubin added to the standard elution buffer. Fig. 2B shows the effect of addition of 5 mM taurodeoxycholate on the elution pattern of conjugated bilirubin. The profile of self-aggregation observed in A is no longer evident. Instead, a larger particle (Ka, 0.79) was observed, containing all of the conjugated bilirubin complexed with bile salts. This particle was still observed even when the experiment was performed with addition of conjugated bilirubin (0.4 mg/dl) to the eluant (result not shown). consisted entirely of vesicles containing only lecithin and cholesterol, and a bile salt peak was observed that was located much higher within the included volume of the column. The 14C was partitioned between these two lipid peaks, 18% being distributed to the vesicular fraction and 82% to the bile salt peak. The bile salt/bilirubin peak represents a larger particle with a Kay (0.79) different from that of a simple bile salt micelle (Kay 0.90). In D, the experimental conditions are identical to those of C, with the exception that the eluant buffer contained 5 mM taurodeoxycholate, which serves to preserve micellar integrity for the model bile component of the sample, thus preventing vesicle formation from mixed lipid micellar dissociation. Under these conditions in the absence of vesicles, the conjugated ['4C]bilirubin in the sample was again partitioned between two peaks that are shifted upward in the included volume but are quantitatively similar to those of C. The lack of a vesicular distribution is now accounted for by an 18% distribution to the mixed-lipid micellar peak (Kay 0.60), and again, as in C, there is an 82% distribution to a bile salt/bilirubin peak of consistent size (Kav 0.79). This distribution was unchanged even when unlabeled conjugated bilirubin (0.4 mg/dl) was added to the eluant (result not shown). In E, conjugated [14C]bilirubin was employed as a marker for sample bilirubin that also contained model bile; the experiment was otherwise carried out as in C, with the exception that the standard elution buffer contained unlabeled conjugated bilirubin at 0.4 mg/dl. The objective of this experimental modification was to ascertain whether merely self-association of conjugated bilirubin combined with coeluting simple bile salt micelles might suffice to explain the results of C. The findings previously indicated for C were confirmed, in that the sample-derived 14C was again partitioned between the two lipid peaks, 18% to the vesicular fraction and 82% to the bile salt/bilirubin particle peak, thus validating the existence of this latter hybrid particle. Results identical to those of C and D were also obtained with unlabeled conjugated bilirubin. With the exception of the endogenous sample radiolabeling experiment shown in E, an entirely identical series of gel-permeation chromatographic studies was performed to assess the vesicular bile salt/ organic anion particle distribution of five other pure organic anion compounds (phenol red, Evans blue, sulfobromophthalein, rose bengal, and indocyanine green).
The physicochemical nature of the vesicular association for each of the organic anions was explored in a series of experiments analogous to that of Fig. 2C , but with adjustment of the standard eluant buffer to pH 9. An example of the results of this type of experiment, using sulfobromophthalein, is shown in Fig. 3 . It can be seen that the high vesicular association of sulfobromophthalein at physiological pH (7.5, Fig. 3A ) was entirely prevented by this procedure; no vesicular association whatever was detectable, with consequent redistribution of the organic anion (Fig. 3B) . This experiment also excludes the possibility of vesicular trapping as an explanation for the vesicular association results in Fig.   2 .
The various organic anions employed in this study may be ranked in decreasing order of relative hydrophobicity as follows: indocyanine green (Rf 3.50), rose bengal (Rf 2.90), sulfobromophthalein (Rf 2.13), conjugated bilirubin (Rf 1.78), Evans blue (Rf 1.55), and phenol red (Rf 1.00). The calculated Rf values (see Methods) have been taken as the operative index of their relative hydrophobicities. To ascertain physiological significance, Rf values were also measured and calculated at pH 7.5. The Rf for each of the organic anions in the present study was identical at this pH to that obtained at pH 4.5. Fig. 4 summarizes a major portion of the foregoing observations in this report by providing a correlative plot of the relation between comparative hydrophobicity for a given organic anion and its degree of vesicular association. The resulting relationship is curvilinear and of high statistical significance (r = 0.995; P < 0.001).
DISCUSSION
The gel chromatography profile of human gallbladder bile shown in Fig. 1 parallels, in both experimental method and findings, recently published results for rat bile (15) . In interpreting these observations that seemed to suggest no associative relation between biliary lipids and bile pigments (15), three potentially reconciling factors need to be taken in account: (i) the chromatographic conditions of experiments similar to that of Fig. 1 permit only the presence of biliary micelles and exclude the presence of vesicles; (ih) the presence of vesicles in human bile has been the subject of several reports and recent evidence also indicates their presence in rat bile despite the lack of supersaturation in cholesterol (16) (17) (18) (19) (20) (21) (22) (23) (24) ; (iOh) from careful inspection of Fig. 1 , the very presence of some overlapping coelution does not, in principle, exclude the possibility that some association of bilirubin could exist with mixed lipid micelles or even with existing but experimentally undetectable bile salt/bilirubin complex particles (micelles).
The present study provides several points of information having both physicochemical and physiological relevance. The identification of a bile salt/organic anion complex particle (micelle) now seems clearly established. For Gel-permeation chromatography of conjugated bilirubin, alone or combined with 2 ml of model bile solution, on a Sepharose 4B column (1.5 x 90 cm). Elution rate was 10 ml/hr in Hepes/NaCl with or without 5 mM sodium taurodeoxycholate or conjugated bilirubin. Fractions (2.5 ml) were collected and assayed for phospholipids (-), bile salts (e), and conjugated bilirubin (A). tive affinities of these structurally different compounds for the various particles are unknown, it is uncertain how much this variable might have affected the results, despite our failure to detect differences. Since our data indicate that the interaction with particles is primarily hydrophobic in nature, a reasonable speculation is that differences arising from changes in the sugar moieties would be unlikely to alter interactions, whereas binding could have been slightly affected by the dipyrrole exchange in the isomers. The recent focus of interest on the presence and significance of biliary vesicles in either supersaturated or dilute systems is now cast in another light of additional interesti.e., organic anion transport. In addition, the concept that the mechanism of vesicular transport is explained predominantly in terms of a hydrophobic form of interaction is based upon two lines of evidence: (i) the vesicular distribution for a given organic anion is strongly correlated with its relative hydrophobicity and (ii) the interaction does not occur at pH 9. We deduce that, at this alkaline pH, the ionizable alkaline moiety (choline) of the vesicles becomes protonated. This creates a net negative charge on the vesicle surface, which tends to repel the approach of any other negatively charged particle (e.g., sulfobromophthalein). This process prevents initiation of hydrophobically based molecular interactions despite persistent hydrophobic domains located on both the organic anion and within the vesicle bilayer itself. In light of our observations with sulfobromophthalein, it is tempting to reflect upon the previously reported chromogenic "quenching" effect of vesicle bilayer lipids when associated with this compound (32) . We also observed this phenomenon in our vesicle studies and believe that it could very likely be due to subtle lipid bilayer microenvironmental charge effects that induce an alteration in the chromophore configuration of this organic molecule.
